Abstract In this work, cinnamaldehyde was reversibly anchored to chitosan films via imino-covalent bonding. The Schiff base was synthesized in solid phase employing neutralized chitosan films immersed in acidified 95 % (v/v) ethanolic solution in which the aldehyde was dissolved. The substitution degree (%) of cinnamaldehyde to the amine group was close to 70 %. Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) analysis revealed the formation of the chitosan-cinnamaldehyde Schiff base. The hydrolysis of the imino bond and subsequent release of cinnamaldehyde were studied after the films had been subjected to different combinations of temperature/time treatments simulating food preservation methods. The amount of aldehyde that remained covalently attached to the films was monitored by ATR-FTIR, and the substitution degree was determined by elemental analysis. Surface contact angle and colour parameters of cinnamaldehyde-imine-chitosan films and these films subjected to different treatments were also evaluated. The antimicrobial properties of chitosan-Schiff base films were tested in vitro against Staphylococcus aureus and Escherichia coli and in milk inoculated with Listeria monocytogenes. The antimicrobial activity varied depending on the treatment applied and consequently the degree of imino bond hydrolysis achieved and cinnamaldehyde released. Films of Schiff base-chitosan derivative subjected to different time/temperature treatments inhibited the growth of L. monocytogenes for 12 days under refrigeration conditions, which may extend the microbiological shelf life of such products. Sensory analysis of milk in contact with the films showed that a cinnamon smell does not cause any rejection among potential consumers. These novel films could be used in the design of antimicrobial food packaging and in various other technological areas where sustainedrelease systems are required.
Introduction
Chitosan is a natural, biocompatible, biodegradable, biorenewable and biofunctional polysaccharide that is finding attractive applications in several industrial areas. Chitosan produces highly transparent grease-resistant films with excellent barrier properties to gases and aroma compounds. These properties make chitosan a good candidate for use in food packaging applications, providing a barrier layer to other polymer films and porous materials such as fibre-based paper (Gallstedt and Hedenqvist 2006) . In addition, amino and hydroxyl groups of chitosan can be used to modify the polymer chemically in order to provide it with new properties and widen its technological applications. Moreover, chitosan has been extensively studied as a carrier and system for sustained release of active compounds, and in this regard, it has been applied in a great variety of technological areas, such as agrochemistry, pharmacy, biomedicine, textiles, and active food packaging (Sashiwa and Aiba 2004) . The development of antimicrobial materials and their application in the design of active packaging is arousing considerable expectation in the food industry, since food safety is an area of great concern. Regarding chitosan films, many studies in the literature have endeavoured to use the antimicrobial properties of protonated chitosan polymer to form films for active food packaging applications. However, protonated films are water soluble, which limits their applications, whereas neutralized films lack antimicrobial properties. Other studies have focused on the development of antimicrobial films for food packaging applications by incorporating antimicrobial compounds in the filmforming solution prior to film formation.
Usually, the active molecule is incorporated during film formation, but this process has certain drawbacks when working with volatile compounds because of the loss of volatiles during film processing.
In order to overcome this drawback, recent studies have reported the incorporation in chitosan of previously encapsulated essential oils (Abreu et al. 2012; Higueras et al. 2013; Hosseini et al. 2013) . There are some studies devoted to the synthesis of Schiff base from chitosan and the potential antimicrobial activity of the derivatives obtained (dos Santos et al. 2005; Guinesi and Cavalheiro 2006; Guo et al. 2007; Jin et al. 2009; Wang et al. 2012) . However, none of these studies focus on the reversibility of the Schiff base and its effect on the antimicrobial results obtained. Hydrolysis of the imino bond (C=N) formed in the Schiff base can be promoted by temperature, UV light, pH, etc. or combinations of them (Huang et al. 2001; Kirdant et al. 2011; Li et al. 2013) . The formation of a reversible Schiff base in the backbone of polymer films could have great potential in the design of sustained-release systems.
Cinnamaldehyde is a naturally occurring aromatic α,β-unsaturated aldehyde derived from cinnamon and approved by the FAO/WHO Expert Committee on Food Additives (JECFA) for use as a food-flavouring agent, and it is the main component of cinnamon bark extract (Cocchiara et al. 2005) . Cinnamaldehyde is a well-known natural antimicrobial compound, active against a wide spectrum of food-borne pathogens (Holley and Patel 2005) . However, the organoleptic effect of essential oils is one of the most important factors that limit their application as antimicrobial agents to real food products, even though their antimicrobial efficiency has been widely described in in vitro tests (Belletti et al. 2008) . Therefore, any food application of this agent should consider the potential sensory impact, which could result in non-acceptance by the consumer.
The aim of this study was, firstly, to obtain and characterize homogeneous, transparent cinnamaldehyde-imino-chitosan films and to study the release of cinnamaldehyde via hydrolysis of the imino bond as affected by several combinations of time/temperature treatments. The antimicrobial properties of the films were then studied in vitro and in vivo against foodborne pathogens. The sensory impact of the films when applied to a food product was also evaluated.
Materials and Methods

Materials
Low molecular weight chitosan with a degree of acetylation of 15-25 % and sodium peroxide were supplied by Sigma (Barcelona, Spain). Trans-cinnamaldehyde and acetic acid were provided by Aldrich (Steinheim, Germany). Sodium hydroxide and ethanol 96 % (v/v) were purchased from Panreac (Barcelona, Spain) and hydrochloric acid 37 % from Merck (Darmstadt, Germany). Ortho-phosphoric acid/sodium hydroxide pH 3 buffer and potassium dihydrogen phosphate/disodium hydrogen phosphate pH 7 buffer were purchased from Scharlab (Barcelona, Spain). Water was obtained from a Milli-Q Plus purification system (Millipore, Molsheim, France).
Film Preparation
Chitosan Films A 1.5 % chitosan (w/w) solution was solubilized in 0.5 % (w/w) acetic acid aqueous solution and filtered to eliminate impurities. Chitosan acetate films with 55±5-μm average thickness were obtained by casting on polystyrene plates dried at 37°C for 48 h and 22 % relative humidity. Chitosan acetate films were neutralized with 0.1 M sodium hydroxide for 24 h at 37°C to make them insoluble in water. After neutralization, the chitosan (CS) films were washed with deionized water and dried at 37°C. The films were cut into 1.7×1.7-cm samples and stored in amber glass desiccators prior to use at 23°C and with P 2 O 5 to achieve a relative humidity close to zero in order to avoid the presence of moisture since this can promote schiff base hydrolysis during the storage and consequently the release of cinnamaldehyde from the films.
Schiff Base Formation
A cinnamaldehyde solution was prepared by adding 4 g of cinnamaldehyde to 75 mL of ethanol 96 % (v/v). Then, neutralized chitosan films (2 g) were immersed in the solution and kept in a shaking bath at 60°C for 24 h. After that time, the samples were washed by dipping and shaking them in ethanol 96 % (v/v) for 24 h at room temperature, and this process was performed three times. Finally, chitosan-cinnamaldehyde Schiff base polymer films (CScin) were stored in an amber glass desiccator with P 2 O 5 at 23°C until use. The film thickness was measured individually with a digital Mitutoyo micrometre (Metrotec, San Sebastian, Spain).
Treatment of CScin Films at Different Combinations of Temperature/Time Treatments
With the purpose of promoting hydrolysis of the imino bond in the CScin films and thus the release of cinnamaldehyde, films were subjected to different combinations of temperature/ time treatments simulating different food preservation processes. For this purpose, film samples (0.25 g) were placed in a glass vial with 10 mL of Mueller Hinton broth (MHB) (Scharlab, Barcelona, Spain) buffer solution at pH 7 or pasteurized whole milk. The vials were then subjected to different treatments: (a) 30 min at 4°C in a cooling chamber to simulate refrigeration conditions; (b) 30 min at 65°C, 15 min at 72°C or 10 min at 95°C in a thermostatic bath with agitation to simulate pasteurization treatments; and (c) 5 min at 121°C in an autoclave to simulate retorting processes.
Characterization of CScin Films Before and After Imino Bond Hydrolysis
Elemental Analysis
The substitution degree (%) of cinnamaldehyde to the amino group in the chitosan films was determined by measuring the C/N ratio of dry samples. The analysis was performed with a CHNS-O elemental analyser (CE Instruments EA 1110, Thermo Fisher Scientific, Waltham, MA, USA). Samples were analysed in triplicate. Results are expressed as average value±standard deviation.
Optical Properties
Colour coordinates of the various chitosan-based films were measured with a CR-300 Minolta Chroma meter® (Minolta Camera Co. Ltd., Osaka, Japan). The film samples were placed on a standard white plate; the results were expressed in accordance with the CIELAB system with reference to illuminant D65 and a visual angle of 10°. The measurements were performed through a 6.4-mm-diameter diaphragm containing an optical glass, monitoring L* (lightness), a*, b* and calculating chroma (C* ab =(a* 2 +b* 2 ) 1/2
) and hue (h ab =arctan (b*/a*)). Films were measured in triplicate, and eight measurements were taken at different locations of each sample.
Water Uptake and Dimensional Stability
Film specimens (1.7×1.7 cm) comprising CS and CScin films subjected to different treatments were immersed in aqueous solution buffered at pH 3 or pH 7 for 24 h at 23°C. After that time, the films were removed from the water, wiped off with a paper towel and immediately weighed (final wet weight, w w f ). The samples were replaced in the desiccator until they reached a constant weight (final dry weight, w d f ). The percentage of water uptake (ΔW) was calculated as follows:
The dimensional stability of the films was calculated similarly by measuring the film surface area after removing the film from the water and drying it. The increase was taken as the dimensional stability of the film in buffered solution. The experiment was performed in triplicate.
Contact Angle (CA)
After the films had been neutralized (CS films), modified (CScin films) and subjected to different treatments, they were left under pressure between two glass sheets for 48 h to increase film flatness and then stored for 48 h in a desiccator with P 2 O 5 . The CA was measured using an OCA 15EC goniometer (DataPhysics Instruments GmbH, Filderstadt, Germany). A 2-μL water droplet was dispensed onto the sample surface, and the drop image was recorded for 2 min. The CA at 60 s was estimated by using the SCA20 embedded software module. The experiment was performed in triplicate.
Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)
The films were analysed by ATR-FTIR. Dry samples were placed in a Golden Gate single reflection diamond ATR accessory (Teknokroma, Barcelona, Spain), and the spectra were recorded with a Bruker Tensor 27 FTIR spectrometer (Bruker Española S.A., Barcelona, Spain). The resolution was 4 cm −1 in the range of 4,000 to 600 cm −1 and 128 scans were recorded per test. Results were recorded in triplicate and analysed with the OPUS v. 2.06 software.
Imino Bond Hydrolysis and Cinnamaldehyde Release
After each temperature/time treatment, the amount of cinnamaldehyde released in MHB owing to hydrolysis of the chitosan-cinnamaldehyde Schiff base was determined. For this purpose, immediately after each treatment, the liquid medium was transferred to a quartz cuvette, and the amount of cinnamaldehyde was measured by UV-vis spectroscopy at 221 nm using an Agilent 8453 UV-visible spectrophotometer (Agilent, Barcelona, Spain). Additionally, the release of cinnamaldehyde was determined by measuring specific migration from the polymer into ethanol 50 %, a fatty food simulant specified in European law (EC Regulation 10/2011). A 1.7×1.7-cm film sample was placed in a glass vial with 7 mL of ethanol 50 %, and the vial was closed tightly with a PTFE septum and aluminium caps to constitute a sample. In Vitro Antimicrobial Activity of CScin Films Against S. aureus and E. coli Before analysis, a loopful of each strain was transferred to 10 mL of TSB and incubated at 37°C for 18 h to obtain early stationary phase cells. Cell cultures of each microorganism in stationary phase, with an optical density of 0.9 at 600 nm, were diluted in TSB and incubated at 37°C until exponential phase with an optical density of 0.2 at 600 nm (10 5 colonyforming units (CFU)/mL). A sample of 0.25 g of CScin film was placed in contact with 10 mL of MHB and subjected to different temperature/time treatments (as described above). Neutralized chitosan films were used as controls and also underwent these treatments. After each treatment, the liquid medium was recovered and was allowed to reach room temperature. Then, 100 μL of cell culture in exponential phase (10 5 CFU/mL) was added and the tubes were incubated at 37°C for 18 h. Depending on the turbidity of the tubes, serial dilutions with peptone water were carried out and plated in Petri dishes with 15 mL of TSA culture medium. Colonies were counted after incubation at 37°C for 18 h. The result was expressed in log of CFU per millilitre. All analyses were carried out in triplicate.
Antimicrobial Assays in Milk
The antimicrobial activity of the films was tested in commercial pasteurized cows' milk. For this purpose, the procedure described in 'In Vitro Antimicrobial Activity of CScin Films Against S. aureus and E. coli' section was followed, using milk instead of MHB and inoculating L. monocytogenes in exponential phase. Sterilized tubes with 10 mL of milk were inoculated in sterilized conditions with 100 μL of L. monocytogenes in exponential phase (10 5 CFU/mL). The tubes were then kept at 4°C for 12 days, and antimicrobial assays were performed on days 3, 6 and 12. Serial dilutions with peptone water were made and plated in PALCAM Listeria selective agar (Merck, Darmstadt, Germany). Plates were incubated at 37°C for 48 h. All experiments were carried out in triplicate.
Sensory Analysis
Sensory tests on commercial pasteurized cow milk that had been exposed to the films and subjected to the time/ temperature treatments were carried out on the 3rd, 6th and 12th days by an untrained panel (44 judges). The tests were done in a standardized test room (ISO 8589-2007) . Samples of milk were placed in hermetic sealed transparent tubes and identified by three-digit codes. The panel members were asked to smell the sample and describe the intensity of the perceived cinnamon aroma and preference in terms of smell. The odour intensity was indicated on a 1 to 5 scale in which 1 was the lowest cinnamon odour intensity and 5 the most intense. For the preference test, the samples were ordered from 1 to 5, 1 to assign the greatest acceptance of sample and 5 the lowest. Data analysis was performed with the Compusense® five program, release 5.0 (Compusense Inc., Guelph, Ontario, Canada).
Data Analyses
Statistical tests were performed using the SPSS® Statistics computer program, version 19.0 (SPSS Inc., Chicago, IL, USA). One-way analysis of variance was carried out. Differences between pairs of means were assessed on the basis of confidence intervals using the Tukey b test. Moreover, comparisons between two samples were analysed by Student's t test. The level of significance was P≤0.05. The data are represented as average±standard deviation. The data were analysed and plotted using the SigmaPlot 10.0 software (Systat Software Inc., Richmond, CA, USA).
Results and Discussion
The unmodified chitosan films were transparent, without discontinuities and with an average thickness of 55±5 μm. Figure 1 shows the formation of chitosan-cinnamaldehyde Schiff base. Covalent bonding of the volatile aldehyde to the backbone of the polymer stabilizes the molecule, avoiding losses during processing and storage of the polymer film. Since the compound is reversibly attached to the polymer, it can be liberated through hydrolysis of the imino bond. Bond cleavage in aqueous or humid media can be promoted by several factors, such as light, pH, temperature, etc. Therefore, when the film is used to package food, the packaged food processing treatments and/or the conditions inside the package during storage can activate or extend the release of the molecule to exert its effect. In this connection, Schiff base can act as a stimuli-responsive linker, providing a means of obtaining antimicrobial release systems with potential applications in active packaging of foods.
Synthesis of Schiff base derivative was confirmed by ATR-FTIR and the substitution degree was evaluated. To the naked eye, the films maintained their transparency and acquired a light yellow colour owing to the presence of a conjugated double bond after Schiff base formation. CScin films were subjected to various food preservation processes consisting of different temperature/time combinations, after which the films were characterized and the cinnamaldehyde released was evaluated.
Characterization of Chitosan Films Modified with Cinnamaldehyde
Elemental Analysis
The elemental composition of chitosan films before and after Schiff base formation, and after the various preservation processes, is shown in Table 1 . The degree of acetylation (DA) for the untreated sample was calculated with the following equation (Kasaai et al. 1999) :
where (C/N) is the carbon/nitrogen ratio. The degree of acetylation of chitosan was 20.3 %, which was in agreement with the value given by the supplier for low molecular weight chitosan (15-25 % degree of acetylation). The degree of substitution (DS), defined as the ratio of Schiff base units in relation to free amino groups in chitosan, was estimated following the work of Inukai et al. (1998) :
where (C/N) is the carbon-to-nitrogen ratio of the chitosan derivative, (C/N) 0 is the carbon-to-nitrogen ratio of chitosan and n is the number of carbon introduced into the modified chitosan. Table 1 shows the DS (in percentage) of chitosan films after Schiff base linkage and of those films after being subjected to different temperature/time treatments. The DS value indicated a high conversion of amino groups into imine linkages. After the films had been subjected to different treatments, the DS values experienced a reduction, which was more acute for films treated at greater temperatures. It is noteworthy that even after a retorting-like process, more than 50 % of bonded cinnamaldehyde remained in the film, implying a large reservoir of cinnamaldehyde. Table 2 shows the film colour coordinates, L*, a* and b*, and the chroma (C ab *) and hue (h ab ) of CS and CScin films and also CScin films subjected to different temperature/time treatments. The formation of an unsaturated Schiff base system (C=C−C=N) from α,β-unsaturated cinnamaldehyde caused the films to acquire a vivid yellow colour, as shown by a decrease in the hue and an increase in the chroma values. This has also been reported for other α,β-unsaturated aldehydes, such as citral (Jin et al. 2009 ).
Optical Properties
The hue of the CScin films decreased significantly when subjected to thermal treatments of 95°C for 10 min and 121°C for 5 min, acquiring an orange-red colour. These changes in colour can be explained by the formation of Maillard reaction products when chitosan with amine and ketone groups is exposed to high temperatures. Regarding the chroma values, no differences were observed between the CScin films and those subjected to low-temperature treatments (4 and 65°C). The C ab * of films treated at higher temperatures, 72°C for 15 min, 95°C for 10 min and 121°C for 5 min, increased significantly. Films treated at 72 and 95°C showed a higher colour intensity than CScin films. However, this parameter decreased for films treated at 121°C for 5 min. This behaviour could be related to a higher release of cinnamaldehyde from the film during the treatment as a The L* (lightness) parameter was used to measure the transparency of the films. CS films have high transparency, which was significantly reduced after Schiff base formation. This decrease became greater as the temperature of the treatment increased. A decrease in the L* parameter was also observed after heating CS films, which had reduced lightness and acquired a vivid yellow colour. Retorted CS film presented the following colour parameters: L*=88.6±0.8, a*=2.38± 0, 1, b*=23.65±1.2; C ab *=23.7±1.1; and h ab =84.2± 0.4 (results not included in Table 2 ).
Water Uptake and Dimensional Stability
Chitosan is a hydrophilic polymer that presents a high water retention capacity. Therefore, the effect of grafting cinnamaldehyde on chitosan films on the water sorption and dimensional stability of the resulting films and also of films subjected to preservation treatments were studied. For this purpose, films were immersed in two buffered media at pH 3 and 7 for 24 h. The results are shown in Table 3 . The pKa of chitosan is 6.5-6.3; at lower pH values, protonation of amino groups increases water uptake and swelling properties of the film until complete protonation of amino groups is achieved and the film dissolves. As the results in Table 3 show, CS films absorb a great amount of water at pH 3 since high ionization of amino groups produces electrostatic repulsion between polymer segments, allowing film swelling and large water gain, which subsequently practically doubled their surface area. Grafting of cinnamaldehyde to chitosan films did not modify water uptake and dimensional stability when parameters were measured at pH 3. At this pH, a high degree of protonation is achieved. Acidic pHs favour Schiff base hydrolysis, releasing cinnamaldehyde and providing more free amino groups for protonation. These two facts could explain the absence of differences between CS, CScin and CScin 4°C for 30 min films. CScin films subjected to thermal treatment had reduced water uptake capacity and increased dimensional stability. The water uptake and area of films treated at 65°C for 30 min, 75°C for 15 min and 95°C for 5 min were reduced by around 30 and 65 %, respectively, whereas films treated at 120°C for 5 min experienced a reduction in water uptake of approx. 68 % and the area decreased by 79 %. These results may be due to thermal crosslinking of the chitosan matrix, giving rise to a more compact film structure (Ji and Shi 2013) .
The films presented much lower water sorption values at pH 7 than in acidic conditions. Water uptake of neutralized chitosan films immersed in buffered solution at pH 7 was reduced by approx. 33 % with respect to the same films immersed in acidic solution, whereas surface area was reduced by approx. 17 % ( Table 3 ). The decrease in water uptake is due to the unprotonated state of the amino groups (pH>pKa of chitosan). When cinnamaldehyde was attached to amino groups of chitosan films, water uptake and surface area were reduced by approx. 75 and 35 %, respectively, compared with the values for CS films immersed in the same buffer solution.
It is worth noting that several authors have also shown the properties of cinnamaldehyde as a crosslinking agent for proteins, increasing the strength and reducing the moisture barrier and water holding properties of the films obtained (Balaguer et al. 2011a, b) . No significant differences were observed between water sorption and dimensional stability of CScin films and those subjected to thermal treatments. The results showed that at pH 7, hydrolysis is not favoured and primary amino groups forming imino bonds are not available for interaction with water molecules or thermal crosslinking. It is worth mentioning that this study was also conducted at 48 h with relevant results. At pH 3, the integrity of the films was lost and therefore the samples could not be handled or measured. When the experiment was carried out at pH 7, no differences were found between films immersed in buffer solution for 24 or 48 h.
CA
Hydrophobicity of modified chitosan films was analysed by determination of water CA. The water CA of neutralized chitosan films was 78.3±2.1° (Table 4) , similar to the result reported by Vallapa et al. (2011) . The CA is defined as the angle between the surface of a liquid (in this work, water) and the tangent line at the point of contact with the substrate. The value of the CA depends mainly on the relationship between the adhesive forces between the liquid and the solid and the liquid cohesive forces. Chitosan films were modified with a hydrophobic molecule, cinnamaldehyde, and therefore higher CA and lower wettability would be expected. After grafting of cinnamaldehyde to the films, the surface became more hydrophobic since the CA experienced a slight increase, with a value of 82.73±0.59°, but the differences were not significant. The CA of films subjected to thermal treatments experienced a reduction, which increased slightly with treatment temperature. Thus, films treated at 121°C for 5 min presented CA values close to those of neutralized chitosan films. This was probably because, as the temperature of the treatment increases, more cinnamaldehyde is lost from the film surface and it becomes more hydrophilic. However, the CA differences were not statistically significant. It should be pointed out that covalently anchored cinnamaldehyde to chitosan films barely changed the CA values, but swelling properties of the films were considerably modified. This difference may be due to the nature of the measurements made. Polymer chain relaxation due to water intake occurs during swelling. Chemical (cinnamaldehyde) or physical (temperature) crosslinking gives rise to a more compact polymer matrix and from a physical point of view water molecules will be more difficult to enter. By contrast, CA only provides information about the hydrophobicity of the film surface.
ATR-FTIR
ATR-FTIR spectra were recorded from the various films obtained in this work. Figure 2 shows the peak, corresponding to the stretching of the C=O bond, shows that the aldehyde group is present in the unwashed sample. However, this band appears as a shoulder in the washed sample, indicating that the free cinnamaldehyde is practically eliminated after washing. In both washed and unwashed CScin films, there is a strong band at 1,633 cm −1 , which is assigned to the stretching of the imine group (C=N) of the Schiff base. Also, part of the cinnamaldehyde bonded to the chitosan is also released, probably because of a partial reversion of the Schiff base reaction. After washing, the films were exposed to different temperature/time treatments. Figure 3 compares the ATR-FTIR spectra for the various samples, including pure CS, using the 1,025-cm −1 band as reference. During the treatments, there is a partial release of cinnamaldehyde because of the reversibility of the reaction. Nevertheless, there is a large percentage of cinnamaldehyde still anchored to the chitosan matrix even after the most severe treatment (121°C for 5 min).
Release of Cinnamaldehyde
Two experiments were performed to evaluate the cinnamaldehyde released by the films exposed to the different treatments: (a) release to MHB during the treatments and (b) release to 50 % ethanol during treatments and until 1 h afterwards. The main aim of the second experiment was to study the effect that changing the medium to one more compatible with cinnamaldehyde had on the amount released from the film. A further aim was to ascertain whether, after the temperature/time treatment, the films continued releasing cinnamaldehyde to the medium. The results of the two experiments are presented together in Fig. 4 . In the first test, films were immersed in MHB liquid culture medium and subjected to several preservation treatments. Immediately afterwards, the films were removed and the liquid was analysed by UV-vis spectroscopy. Five cinnamaldehyde solutions in MHB were also analysed for calibration. As can be seen in Fig. 4 , the concentrations of cinnamaldehyde in the liquid medium increased with the treatment temperature applied to the films. At refrigeration temperature, the release was significantly lower than when moderate thermal treatments were applied. No differences were observed between samples processed at 65°C for 30 min and at 95°C for 10 min. The severe retorting process resulted in a greater release of the agent into the liquid medium. The second experiment was carried out on a fatty food stimulant, ethanol 50 %, which simulates alcoholic foods with an alcohol content of above 20 %, and oil-in-water emulsions in accordance with the conditions set out in Regulation 10/ 2011/EC Commission Regulation (EU) of 14 January 2011 on plastic materials and articles intended to come into contact with food. After temperature/time treatments, the films were stored at room temperature, and liquid aliquots were extracted at several times during 1 h (48 h for the refrigerated sample).
As Fig. 4 reveals, the release profile of cinnamaldehyde over time depended on the treatment. CScin films processed at low temperature present a very low release (ca. 1 mg/L) after the treatment, but the amount released increases with time, reaching ca. 70 mg/L after 48 h. The treatments at 65, 72 and 95°C yielded much higher release values, 280 mg/L, without differences between treatments. It should also be noted that the cinnamaldehyde released does not change significantly with time during the storage period studied, indicating that probably all the free cinnamaldehyde present in the matrix owing to hydrolysis of the imino bond was released during the treatments. The films subjected to the sterilization treatment released the highest concentration of cinnamaldehyde, with values of ca. 700 mg/L after treatment. However, the concentration of the agent presented a decreasing trend during storage. Since the measured concentration indicates the cinnamaldehyde molecules that had already moved out of the film, a rebuild of the Schiff base is certainly unexpected. Most probably, the decrease in concentration was due to condensation of the volatile on the walls and septum of the vial and even cinnamaldehyde sorption in the film caused by a change in the partition equilibrium constant of cinnamaldehyde with temperature.
Another important feature is the large difference in the amount of cinnamaldehyde released in each liquid medium. Other authors have reported the importance of the solvent along with the temperature with regard to the reversibility of the Schiff base (Huang et al. 2001; Muhamad 2011; Mohamad 2013) . MHB is an aqueous medium buffered at pH 7 which causes film swelling and therefore increases the diffusion rate of any substance through the matrix. This effect explains the higher concentration of agent observed in MHB at 4°C. However, after the thermal treatments (65°C and above), the release into the water-ethanol medium was greater. This might be caused by the higher solubility of cinnamaldehyde in this simulant.
The release results show that the films were activated by temperatures ≥65°C, reaching high concentrations of cinnamaldehyde in the medium. Films stored at refrigeration temperature produce a sustained release over time. The data obtained indicated that the films developed in this work can be used as a reservoir capable of sustained release of cinnamaldehyde over time and as a coadjuvant of preservation treatments.
Antimicrobial Activity
In Vitro Study
The antimicrobial activity of the films was studied against a Gram-positive bacterium, S. aureus, and a Gram-negative bacterium, E. coli. First, the in vitro effectiveness of the films exposed to various preservation treatments in MHB liquid medium (pH=7) was determined. Figure 5 shows the antimicrobial activity of CScin films before and after preservation treatments. Chitosan is a known antimicrobial agent: positively charged amino groups interact with the negatively charged membrane of bacteria, altering the permeability and disrupting DNA replication (Coma et al. 2002; Zivanovic et al. 2005) . However, the results showed that the prepared chitosan film did not present substantial antimicrobial activity, as was to be expected, since the chitosan films were neutralized and, subsequently, the amino groups were not protonated (Shahidi et al. 1999; Foster and Butt 2011) .
All the CScin films subjected to the various preservation treatments showed antimicrobial activity against the two microorganisms that were tested. Generally, Gram-negative bacteria are more resistant to essential oils than Gram-positive bacteria. The outer membrane of Gram-negative bacteria is highly impermeable to hydrophobic molecules like those found in essential oils, and they can work on different targets on the bacteria (Nazzaro et al. 2013) . However, the mechanisms of action of essential oil components and thus their antimicrobial activity against Gram-positive and Gram-negative bacteria depend on their chemical structure. Antibacterial effects of essential oils are commonly associated to interactions with the cell membrane, although the precise mechanisms remain unclear. The experimental pieces of evidence on the action mechanisms of cinnamaldehyde are contradictory and support both membrane interaction and inhibition of specific cellular processes or enzymes (Gill and Holley 2004) .
CScin and CScin films subjected to a storage temperature of 4°C for 30 min showed reduced antimicrobial activity (1 log reduction). These results are in agreement with the release study described in the previous section (Fig. 4) . Films not activated by thermal treatment released cinnamaldehyde very slowly owing to the slow reversibility of the Schiff base at neutral pH accompanied by low temperature. After treatment at 65°C for 30 min, CScin films showed a large log reduction of 5.66±0.04 against S. aureus and of 4.76±0.02 against E. coli. It was also observed that the films treated at 72°C for 15 min, 95°C for 10 min and 121°C for 5 min produced a bactericidal effect. Therefore, the antimicrobial activity is related to the active agent released during the different treatments. Films subjected to higher temperatures presented a higher degree of Schiff base hydrolysis and consequently released more cinnamaldehyde, increasing their antimicrobial capacity.
The results of the antimicrobial study show that these films can be very effective when subjected to a thermal treatment. At low temperatures, cinnamaldehyde-imino-chitosan films presented extended stability with very slow agent release. At mild and sustained heat treatments (hot filling or mild pasteurization), the release is high enough to produce substantial inhibition of microbial growth. More severe heat treatments for short times are much more effective, with the films even providing a bactericidal effect. Once the in vitro effectiveness of the CScin films had been verified, their antimicrobial activity was examined in refrigerated and pasteurized whole milk with a fat content of 3.6 %. CScin films were immersed in milk and subjected to different preservation treatments, after which the milk was inoculated with L. monocytogenes and then kept at 4°C for 12 days, and the antimicrobial assays were performed on days 3, 6 and 12. L. monocytogenes is a microorganism that is able to grow at low temperatures (Doyle and Beuchat 2007) . Previous studies on the thermal behaviour of L. monocytogenes in foods showed that the mean minimum growth temperature was 1.1°C (Junttila et al. 1988) and that this microorganism can survive pasteurization (Fleming et al. 1985; Lovett et al. 1987) . The characteristics of refrigerated milk (pH close to neutrality, large presence of nutrients) might also have favoured an increase in the viable counts of L. monocytogenes (Muriel-Galet et al. 2012) . As Fig. 6 shows, the more severe the temperature treatment was, the greater was the reduction of bacterial growth, in good correlation with the data obtained in the in vitro assays and in the release tests. CScin films treated at 4°C for 30 min yielded a log reduction of 1.34 at 3 days, 0.81 at 6 days and 0.52 at 12 days. Activation of the films by higher temperatures resulted in more efficient antimicrobial activity. Thus, CScin films treated at 95°C for 10 min showed a log reduction of 4.15±0.02 at 3 days, 3.41±0.02 at 6 days and 3.87±0.07 after 12 days.
It was not possible to inoculate the samples treated at 121°C for 5 min because the milk was coagulated after treatment. There are two possible reasons for this effect. It is documented that certain aromatic compounds, such as cinnamaldehyde, may cause conformational changes in proteins by binding (Damodaran and Kinsella 1980; Kuhn et al. 2006) . Combinations of temperature and the aromatic aldehyde can lead to denaturation of milk proteins and subsequent unfolding and aggregation forming a gel. This treatment could also produce hydrolysis of chitosan and migration to the medium, causing milk coagulation due to the coagulation and flocculation properties of chitosan (Renault et al. 2009 ).
The lower antimicrobial activity of the films observed when applied to milk (Fig. 6 ) compared with that in MHB medium (Fig. 5) can be explained because the use of the optimal culture medium for the microorganism magnifies any effect. Moreover, milk is a complex food matrix which may interfere with the antimicrobial agent, requiring higher concentrations to achieve the same effect (Gutierrez et al. 2008 ). Similar differences between in vivo and in vitro antimicrobial activity of antimicrobial agents and antimicrobial films have been reported previously (Burt 2004; Belletti et al. 2008; Muriel-Galet et al. 2012) .
L. monocytogenes is an important pathogenic microorganism involved in cases of septicaemia and meningitis, especially in children, the elderly and those with immunosuppression induced by drugs or diseases. However, there are also cases of listeriosis in apparently healthy children and adults. In pregnant women, it can cause abortions or premature death of the foetus. Therefore, the films developed in this work could improve the safety of products susceptible to contamination with microorganisms such as L. monocytogenes and could also extend the commercialization period, an important advantage for a product with a shelf life of only 3 days under refrigeration.
Sensory Analysis
The use of essential oils in food may have a significant sensory impact that could result in non-acceptance by the Fig. 6 Antimicrobial effect of chitosan film modified with cinnamaldehyde and subjected to different preservation treatments against L. monocytogenes in pasteurized milk Fig. 7 Values of the parameters of odour intensity and preference consumer. For this reason, a sensory analysis was carried out by a panel of judges with the aim of determining whether the content of active component migrated to pasteurized milk modifies its aroma appreciably and, if so, to determine whether this odour is accepted by consumers. The tests were conducted on the 3rd, 6th and 12th days of refrigerated storage at 4°C. The samples were evaluated by a minimum of 40 random non-expert judges. Friedman analysis indicated significant differences in the intensity of cinnamon odour perceived and acceptability, since in all cases, the value of F exceeded the threshold level of significance of P≤0.001.
According to the intensity of cinnamon odour after 3 days of storage, there were no significant differences among the milk samples treated with CScin films, but the differences with respect to the control sample were significant (Fig. 7) . The same results were obtained in the tests carried out on the 6th and 12th days.
Preference was evaluated with a score from 1 to 5, 5 being the worst score. Samples with cinnamaldehyde were preferred to the control, without any significant differences among them after 3 and 12 days of storage. Sensory analysis showed that panellists perceived the presence of cinnamaldehyde in the milk exposed to CScin films. Nevertheless, the panellists preferred the milk samples in contact with CScin films at the 3 days tested. Fresh pasteurized milk is a product whose shelf life is very short, 2-3 days once opened. The use of the films developed may not only increase the safety of such products and subsequently lengthen their shelf life owing to their antimicrobial activity but additionally provide a flavour that has high acceptance by the consumer.
Conclusions
In this work, chitosan-cinnamaldehyde Schiff base films intended for use in antimicrobial food packaging were developed. Chitosan was selected as a support matrix for the covalent binding of cinnamaldehyde via nucleophilic addition to free amino groups. The degree of substitution achieved was ca. 70 %.
Chitosan-derived Schiff base can be hydrolyzed under several temperature/time treatments in different liquid media. The amount of cinnamaldehyde released and the antimicrobial activity of the films depended on the treatment applied and the liquid medium composition. The effectiveness of the films increased as the temperature of the treatment increased and thus the amount of cinnamaldehyde released. Although the release of the agent caused a perceptible cinnamon aroma in milk, the sensory panel considered this effect as positive, treated milk being preferred to the control sample.
The present study shows that chitosan-Schiff base polymer has great potential for use in the development of stimuliresponsive active volatile compound release systems. These systems can be applied in the design of new active packages to increase food safety.
